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In order to study the effect on proton fluxes and redox potential of the cell membrane, the energy state of 
sugarbeet cell suspensions and calli were manipulated by starvation (deprivation of sugars). Acidification of 
the medium was accelerated, and reductase activity (measured by ferricyanide reduction) increased, in 
starved cells . Gradual acidification occurred during the first 24 h of staNation and remained fairly constant 
thereafter. Diethylstibestrol (DES), an inhibitor of the ATPase pump, caused alkalinization of the external 
medium. In the absence of sugar-proton co-transport, alkalinization caused by DES treatment could have 
taken place through the channel of the inhibited ATPase pump. This study suggests that under starvation 
conditions, the cell membrane produces and maintains a high proton motive force. This may be of great 
advantage should the sugar (carbohydrate) supply be resumed. 
Om die effek op protonfluks en redokspotensiaal van die selmembraan te bestudeer, is suikerbeet-
selsuspensie en kalluskulture deur verhongering (onthouding van suikers) gemanipuleer. Aansuring van die 
medium is versnel en reduktaseaktiwiteit (gemeet deur ferrisianiedreduksie) het in die verhongerde selle 
verhoog. Geleidelike aansuring het voorgekom gedurende die eerste 24 h van verhongering en het daarna 
betreklik konstant gebly. Dietielstibestrol (DES), 'n inhibeerder van die ATPase-pomp, het 'n alkalinisering 
van die eksterne medium teweeggebring. In die afwesigheid van suikerproton-ko-transport kon alkalinisering 
wat deur DES-behandeling veroorsaak is, moontlik deur die kanaal van die ge'lnhibeerde ATPase-pomp 
plaasvind. Hierdie studie dui daarop dat onder koolhidraatbeperkende toestande, die selmembraan 'n hoe 
protonbewegingskrag vorm en in stand hou. Hierdie aspek kan van groot waarde wees wanneer die suiker 
(koolhidraat) weer voorsien word. 
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Introduction 
Cells cultured either as callus or as suspensions are provided 
with suitable amounts (usually a surplus) of nutrients . How-
ever, as the cells divide and grow. a shortage of nutrients 
develops and the cells start to senesce. This study aims to 
show changes in the membrane properties as the cells age. 
The cultures were starved (deprived of sugars) in order to 
accelerate the process of senescence. Callus and cell suspen-
sions derived from the callus may differ in function. even 
when grown on the same medium. as they are essentially 
growing under different environmental conditions. In this 
study we show some properties of the plasmalemma of 
callus and cell suspensions of sugarbeet. 
A proton pump sited in the plasmalemma helps to gener-
ate and maintain the proton motive force (pmf) by affecting 
the membrane electrical potential difference (Em) and the 
Ll[H+] across the membrane. The pmf is dependent on the 
metabolic state of the cell, since energy is needed by the 
A TPase pump to drive protons against the electrochemical 
gradient. The ability of cells to take up substances such as 
sugars, amino acids and ions. is carrier-mediated and 
coupled to proton fluxes (proton co-transport). Therefore, 
generating high electrochemical potential for H+(LlI-lH) faci-
litates nutrient uptake. Many constituents of the cell mem-
brane contribute to the membrane redox potential (Novak el 
al. 1988). Different roles. such as hormonal response. ion 
transport and cell growth regulation, have been attributed to 
plasmalemma redox components (Misra el al. 1984; Crane 
el al. 1985). The nature of the redox system and its link to 
the proton pump mechanism has not yet been established, 
although some relationships between the two systems are 
inferred (Bottger el al. 1985; LUttge & Clarkson 1986, 
Neufeld & Bown 1987). Proton extrusion due to the plasma-
lemma redox components has been reported recently in 
various plant cells (Barr 1988). Redox components of the 
plasmalemma can be detected by their ability to reduce 
impermeable exogenous electron acceptors such as ferri-
cyanide (Misra el al. 1984; Crane el al. 1985; Barr 1988; 
Bown & Crawford 1988; Ivankina & Novak 1988; Novak el 
al. 1988). The following chemical agents were used in order 
to characterize the cell membrane properties : carbonyl-
cyanide-m-chlorophenyl-hydrazone (CCCP). diethylstibes-
trol (DES) and FeCN. 
Materials and Methods 
Sugarbeet (Bela vulgaris L. cv. Cremona) callus was 
derived from young leaves of 2-month-old seedlings grown 
from seeds obtained from Hilleshog Seed Co .• Sweden. The 
callus was maintained by approximately monthly subculture 
on modified B5 (Gam borg el al. 1968) medium with 0.1 mg 
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r l 2,4-D and 0.1 mg rl BA (De Greef & Jacobs 1979). 
Suspension cultures initiated from callus were grown in 
modified B5 medium (Gam borg et al. 1968) (modifications: 
KN03• 300 mg rl ; MgS04 • 500 mg rl; FeEDT A. 28 mg rl; 
2,4-D. 0.1 mg rl) in the dark on a rotary shaker at 150 r/ 
min. The suspension cultures were subcultured at the end of 
the exponential phase (7 - 11 days; 20 ml suspension added 
to 80 ml fresh medium in 250-ml flasks). Cell density was 
determined using a light microscope and a Sedgewick-
Rafter counting cell. Cell viability was determined using 
fluorescein diacetate (FDA) according to the method by 
Widholm (1972). The percentage of living cells in all 
cultures used in the experiments was always above 80%. 
Starvation and proton flux experiments 
Seven- to II-day-old cell suspensions were washed three 
times. centrifuged at 160 g. for 5 min. resuspended in sugar-
less modified B5 medium [B5(-)] and then left to starve in 
this sugarless medium on a shaker for different periods of 
time before being used. Callus cells were starved the same 
way. At the end of the starvation period the suspensions 
were vacuum-filtered onto Whatman GF/C filters and left on 
the filters in small plastic weighing plates covered with 
moist filter paper. To initiate the proton flux experiments. 5 
ml of 200-mM mannitol solution (as isotonic osmoticum) 
was placed in a lO-ml vial having two side arms designed to 
enable application of oxygen or different chemicals. The 
solution was stirred continuously with a small bar on a non-
heat-generating magnetic plate and the pH was monitored 
with a WPA semi-micro combination electrode connected to 
a WPA CA 1400 pH analyser (WPA Scientific Instruments, 
Cambridge. England) and a Linear 1200 recorder (Linear 
Instruments Corp .• USA). A 0.56-jJ..F capacitor and a 100-
KD resistor were connected to the recorder poles in order to 
reduce the signal interference coming from the pH meter. 
Oxygen was bubbled through the solution (50 ml min- I) to 
enhance stabilization of the pH and to obtain proper meas-
urements of proton fluxes, since lower O2 concentrations 
(anaerobiosis) increase H+ efflux (Bottger et al. 1985). One 
gram fresh weight (FW) of the vacuum-filtered cells was 
introduced into the 5-ml solution in each of the reactor 
vessels and the suspensions were left untreated for 10 - 15 
min, until the pH had stabilized. The pH was monitored 
continuously on the chart recorder. All treatments were 
performed by adding lO-jJ..l aliquots of stock solutions to 
give final desired concentrations (quoted in the results) . At 
the end of each experiment 100 nmol HCl was added in 
order to quantify the buffer capacity of the medium. All 
reactions were repeated at least three times. 
Sugar analysis 
Detection and quantification of mono- and disaccharides 
were modified from Tanowitz and Smith (1984) and carried 
out in a Varian GC model 3700 and a 3380A integrator 
(Hewlett and Packard). Sugar standards (1 mg mrl) in 80% 
ethanol) and the cell extracts (obtained by freezing washed 
cells in liquid N2 and thawing them at room temperature, 
several times) were reduced to dryness under N2 at 40°C. 
The sugars in the precipitate were extracted in 0.5 ml of a 
solution of 25 mg mg-I hydroxylamine 'hydrochloride dis-
solved in pyridine to produce oximes. Aliquots (100 jJ..l) of 
33 
the oxime solutions were reduced to dryness under N2 at 
40°C and each sample was sililysed with 50 jJ..l Sigma 
Sil-A TMS derivatives at room temperature for 15 min. The 
samples were analysed within 24 h of preparation. 
Conductivity and redox measurements 
Medium conductivity was measured with a CDM conduc-
tivity meter (Radiometer, Copenhagen). 
The plasmalemma redox potential was evaluated from the 
ability of cells to reduce ferrocyanide or oxidized ferro-
cyanide. In this study, suspensions or callus were centri-
fuged at 160 g. for 5 min. washed three times either in full 
B5 medium or in B5(- ) medium and 20 g FW cells from 
each were then resuspended in 100 ml of the respective 
medium. Freshly prepared ferricyanide (0.5 mM final con-
centration) was introduced to suspensions which were kept 
in the dark on a shaker. Aliquots were taken from the 
suspensions every hour, filtered. and the absorbance of the 
supernatant measured with a Varian DMS 90 spectrophoto-
meter at 420 nm and 535 nm according to Neufeld and 
Bown (1987). The same procedure was carried out with cell-
free media as a control. A standard curve showed that all 
measurements were carried out in a linear area of rela-
tionship between the OD and the FeCN concentration. 
Results 
Proton fluxes and redox activity of the plasma membrane 
were recorded for cell suspensions and calli subcultured and 
starved on B5(-) media. The percentage of living cells was 
always above 80% in the cultures used. The starvation tech-
nique appeared to be effective for cell suspensions since the 
sugar levels dropped about ten-fold within 24 h after sub-
culture (Table 1). 
DES, an inhibitor of the ATPase pump, caused a notice-
able alkalinization of the external medium (Figure 1). This 
effect increased during the first 24 h of starvation. and 
started to decrease after 48 h (Figure 1). Since DES inhibits 
the active process of proton extrusion, the rate of alkalini-
zation caused by DES reflects the net passive influx of H+. 
The protonophore CCCP also caused alkalinization but at a 
much slower rate and to a lesser extent than DES. 10 jJ..M 
CCCP had no effect when administered after 20 jJ..M DES 
treatment and vice versa (Figure lA). When DES was given 
after sucrose (Figure lA), the total alkalinization effect of 
both treatments was identical to that achieved by DES alone. 
At biphasic alkalinization response was recorded in 72 h 
starved suspensions (Figure lA). Callus cells subcultured 
and starved on modified medium [B5(-)] also alkalinized 
the medium when treated with DES. but the response was 
weaker than with cell suspensions (Figure IE). 
Medium conductivity decreased sharply during the first 
24 h of subculture (Figure 2). This indicates a marked in-
Table 1 Soluble sugars in control and 
starved sugarbeet suspension cultures 24 h 
after subculture (~g g-' FW) 
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Figure 1 Changes in media pH following addition of 20 fLM DES, 10 fLM CCCP, 10 mM sucrose and 100 nmol HC!. Starvation time 
[subcultured on B5(-)] is shown at the beginning of each recording. A, cell suspension; B, callus. 
crease in ion uptake during the first 20 h when the cells 
were exposed to fresh medium. 
Starvation also stimulated the plasmalemma redox activ-
ity. Ferricyanide reductase activity increased significantly 
after 2 h when the cells had been subcultured in fresh B5 or 
B5(- ) media (Figure 3). An increase of reductase activity 
was prominent in the starved cells (Figure 3). The ferri-
cyanide treatment did not reduce the percentage of living 
cells. Our results indicate that subculturing of calli and cell 
suspensions on fresh medium caused an increase in the re-
ducing activity of the cell membrane and an increase in the 
[H+] . These effects on the membrane properties were more 
conspicuous in starved cultures (deprived of sugars). 
Discussion 
When cells are cultured on fresh medium they acidify the 
solution by active proton extrusion, via the ATPase pump. 
Increasing the pH across the cell membrane enhances uptake 
of solutes, such as sugars and amino acids, probably by a H+ 
co-transport mechanism. In this study the trend of the results 
obtained with cell suspensions and calli were similar, 
although quantitative differences in [H+] and redox potential 
were noted. A comparison of the effect of 100 nmol Hel on 
the pH change in the media of calli and cell suspension 
(Figures lA, 1B), showed that the buffer capacity of cell 
suspensions was 2 - 3-fold higher than that of the callus 
cells. 
Subculture of the suspension cultures onto fresh, sugarless 
media resulted in a large decrease in the amount of endo-
genous sugars within 24 h when compared to the controls 
(Table 1). From this one would expect a concomitant 
decrease in the level of A TP. However, a rapid decrease in 
medium conductivity (Figure 2), resulting from active ion 
uptake during the first 20 h of starvation, suggests that the 
amount of A TP must have decreased gradually. Under star-
vation conditions, the membrane produced and maintained a 
high pmf. The development of a high pmf might be of great 
advantage should the sugar supply be resumed. DES caused 
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Figure 2 Conductivity of medium as a function of starvation 
time. 0, cell suspension; e, callus. 
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Figure 3 Ferricyanide reduction in starved cultures (solid lines) 
and unstarved control cultures (broken lines). 0, cell suspension; 
e, callus. 
a rapid alkalinization of the external medium. This effect 
continued for about 10 min, until the drH +] dissipated and a 
new pH was established in the medium (Figure 1). DES is a 
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well-known inhibitor of the plasma membrane A 1Pase. In 
starved cells DES also acted as a protonophore. It is 
proposed that the protonophoric effect was achieved under 
conditions of weak. or no proton co-transport, limited A 1P 
levels, and high ~[H+] across the cell membrane. Under 
such conditions, accelerated proton influx could take place 
by a backflow throughout the channel of the inhibited 
A 1Pase pump. 
When membrane reducing power was evaluated by the 
ability of the redox components to reduce ferricyanide, there 
was an increase during the course of starvation (Figure 3). 
This could originate either from an increase in proton 
extrusion followed by electrons, or from a decrease in the 
amount of an unknown natural electron acceptor sited on the 
outer surface of the plasmalemma. The first alternative can 
be ruled out since proton extrusion is very limited in starved 
cells . Therefore, the second option is more probable. The 
biphasic alkalinization profile obtained with aged cells 
(starved for 72 h) treated with DES, suggests that the first 
phase denotes fluxes across the plasmalemma and the 
second probably arises from fluxes across the membranes of 
cytoplasmic organelles (mitochondria and plastids). 
Acknowledgements 
The FRD/Israel Collaborative Programme is thanked for 
financial support. 
References 
BARR, R. 1988. The effect of plasma membrane redox reactions 
on proton excretion by plant cells. Physiologia Pl. 73: 194 -
199. 
BOTTGER, M, BIGDON, M. & SOLL, H.I. 1985. Proton trans-
location in corn coleoptiles: ATPase or redox chain. Planta 
163: 376 - 380. 
35 
BOWN, A.W.& CRAWFORD, L.A. 1988. Evidence that W 
efflux stimulated by redox activity is independent of plasma 
membrane ATPase activity. Physiologia Pl. 73: 170 - 174. 
CRANE, F.L., SUM, I.L., CLARK, M.G., GREBING, C. & 
LOw, H. 1985. Transplasmamembrane redox systems in 
growth and development. Biochem. Biophys. Acta 811: 233 -
264. 
DE GREEF W. & JACOBS, M. 1979. In vitro culture of the 
sugarbeet: description of a cell line with high regeneration 
capacity. Plant Sci. Lett. 17: 55 - 61. 
GAMBORG, O.L., MILLER, R.A. & OJIMA, K. 1968. Nutrient 
requirements of suspension cultures of soybean root cells. Exp. 
Cell Res. 50: 151 - 158. 
IVANKINA, N.G. & NOVAK, V.A. 1988. Transplasmalemma 
redox reactions and ion transport in photosynthetic and hetero-
trophic plant cells . Physiologia Pl. 73: 161 - 164. 
LOTTGE, U. & CLARKSON, D.T. 1986. Mineral nutrition: 
plasmalemma and tonoplast redox activities. Prog. Bot. 47: 73 
- 86. 
MISRA, P.C., CRAIG, T.A. & CRANE, F.L. 1984. A link 
between transport and plasma-membrane redox system(s) in 
carrot cells. 1. Bioenerg. Biomembr. 16: 143 - 152. 
NEUFELD, E. & BOWN, A.W. 1987. A plasmamembrane redox 
system and proton transport in isolated mesophyll cells. Pl. 
Physiol. 83: 895 - 899. 
NOVAK, V.A., IVANKINA, N.G., MOROKOVA, E.A. & 
MICLASHEVICH, A.I. 1988. The link between the electro-
genic and redox functions of the plasmalemma and the energy 
metabolism of the cell. Physiologia Pl. 73: 165 - 169. 
TANOWITZ, B.D. & SMITH, D.M. 1984. A rapid method for 
qualitative and quantitative analysis of simple carbohydrates in 
nectars. Ann. Bot. 53: 453 - 456. 
WIDHOLM, 1.M. 1972. The use of fluorescein diacetate and 
phenosafranine for determining viability of cultured plant cells. 
Stain Technol. 47: 189 - 194. 
